When vertebrate cells exit mitosis various cellular structures are re-organized to build functional interphase cells 1 . This depends on Cdk1 (cyclin dependent kinase 1) inactivation and subsequent dephosphorylation of its substrates [2][3][4] . Members of the protein phosphatase 1 and 2A (PP1 and PP2A) families can dephosphorylate Cdk1 substrates in biochemical extracts during mitotic exit 5,6 , but how this relates to postmitotic reassembly of interphase structures in intact cells is not known. Here, we use a live-cell imaging assay and RNAi knockdown to screen a genome-wide library of protein phosphatases for mitotic exit functions in human cells. We identify a trimeric PP2A-B55α complex as a key factor in mitotic spindle breakdown and postmitotic reassembly of the nuclear envelope, Golgi apparatus and decondensed chromatin. Using a chemically induced mitotic exit assay, we find that PP2A-B55α functions downstream of Cdk1 inactivation. PP2A-B55α isolated from mitotic cells had reduced phosphatase activity towards the Cdk1 substrate, histone H1, and was hyper-phosphorylated on all subunits. Mitotic PP2A complexes co-purified with the nuclear transport factor importin-β1, and RNAi depletion of importin-β1 delayed mitotic exit synergistically with PP2A-B55α. This demonstrates that PP2A-B55α and importin-β1 cooperate in the regulation of postmitotic assembly mechanisms in human cells.
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When vertebrate cells exit mitosis various cellular structures are re-organized to build functional interphase cells 1 . This depends on Cdk1 (cyclin dependent kinase 1) inactivation and subsequent dephosphorylation of its substrates [2] [3] [4] . Members of the protein phosphatase 1 and 2A (PP1 and PP2A) families can dephosphorylate Cdk1 substrates in biochemical extracts during mitotic exit 5, 6 , but how this relates to postmitotic reassembly of interphase structures in intact cells is not known. Here, we use a live-cell imaging assay and RNAi knockdown to screen a genome-wide library of protein phosphatases for mitotic exit functions in human cells. We identify a trimeric PP2A-B55α complex as a key factor in mitotic spindle breakdown and postmitotic reassembly of the nuclear envelope, Golgi apparatus and decondensed chromatin. Using a chemically induced mitotic exit assay, we find that PP2A-B55α functions downstream of Cdk1 inactivation. PP2A-B55α isolated from mitotic cells had reduced phosphatase activity towards the Cdk1 substrate, histone H1, and was hyper-phosphorylated on all subunits. Mitotic PP2A complexes co-purified with the nuclear transport factor importin-β1, and RNAi depletion of importin-β1 delayed mitotic exit synergistically with PP2A-B55α. This demonstrates that PP2A-B55α and importin-β1 cooperate in the regulation of postmitotic assembly mechanisms in human cells.
In the budding yeast, Saccharomyces cervisiae, Cdk1 substrate dephosphorylation and mitotic exit depend on the Cdc14 phosphatase 7 , but this function does not seem to be conserved in Cdc14 homologues of other species 2, 3, [8] [9] [10] [11] . Studies in cycling Xenopus laevis embryonic extracts suggest that phosphatases of both the PP1 (ref. 5 ) and PP2A (ref. 6 ) families can contribute to Cdk1 substrate dephosphorylation during vertebrate mitotic exit, whereas Ca 2+ -triggered mitotic exit in cytostatic-factorarrested egg extracts depends on calcineurin 12, 13 . Early genetic studies in Drosophila melanogaster 14, 15 and Aspergillus nidulans 16 reported defects in late mitosis of PP1 and PP2A mutants. However, the assays used in these studies were not specific for mitotic exit because they scored prometaphase arrest or anaphase chromosome bridges, which can result from defects in early mitosis.
Intracellular targeting of Ser/Thr phosphatase complexes to specific substrates is mediated by a diverse range of regulatory and targeting subunits that associate with a small group of catalytic subunits 3, 4, 17 . It is possible that mitotic exit in intact cells requires phosphatases that have not been detected by previous assays using in vitro extracts. In practice, the short duration of mitotic exit makes it difficult to assay this process, which explains why previous RNAi screening of cell division regulators 18 did not annotate mitotic exit phenotypes.
To assay mitotic exit in live human cells, we measured the timing from anaphase onset until nuclear reformation. We generated a HeLa cell line stably expressing a chromatin marker (histone 2B fused to a red fluorescent protein; H2B-mCherry 19 ) to visualize the metaphase-anaphase transition ( Fig. 1a-c) . To probe for postmitotic nuclear reassembly, we stably co-expressed a nuclear import substrate (importin-β-binding domain of importin-α fused to monomeric enhanced green fluorescent protein; IBBeGFP 20 ), which is cytoplasmic during mitosis and co-localizes with chromatin regions after reassembly of a functional nuclear envelope (Fig. 1a, b) .
To annotate mitotic exit timing automatically in time-lapse microscopy movies, we used computational methods developed in-house (CellCognition 21 ). Individual cells were detected and tracked over time, and the mitotic stage of each cell was assigned based on classification of chromatin morphology (Fig. 1c) . Nuclear breakdown and reassembly was
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determined by recording changes in the ratio of mean IBB-eGFP fluorescence in chromatin regions versus surrounding cytoplasmic regions (Fig. 1d) . Automated annotation of mitotic exit timing (4.70 ± 0.89 min; mean ± s.d.) closely matched manual annotation (4.88 ± 0.84 min; mean ± s.d.; n = 270 cells, Supplementary Information, Fig. S1 ).
Cells were transfected with 675 different siRNAs targeting a genomewide set of 225 annotated human protein phosphatases, including catalytic and associated regulatory and scaffolding subunits (three different siRNAs per gene, two experimental replicates; for a full list of siRNAs see Supplementary Information, Table 1 ). These cells were then imaged over approximately 24 h with time-intervals of approximately 3.8 min. On average, this yielded approximately 87 automatically annotated mitotic events per movie (total: 113,236 mitotic events). The mean mitotic exit timing was determined for all data sets that contained more than 10 mitotic events (n = 1,278 from 1,350 movies). Five siRNAs reproducibly scored as 'hits' above a significance cut-off at three standard deviations above the mean of all data points (z-score = 3; Fig. 2a ). These five siRNAs targeted three distinct genes, encoding each of the three subunits of a heterotrimeric PP2A complex: PPP2CA (catalytic subunit α, subsequently labelled as CA), PPP2R1A (scaffold subunit α, subsequently labelled as R1A), and PPP2R2A (a regulatory B-type subunit, also termed PR55α or B55α and subsequently labelled as B55α). The remaining four siRNAs targeting the same PP2A genes also prolonged mitotic exit, albeit below the cut-off level (Fig. 2a) . were derived by dilation of the chromatin regions. The ratio of mean IBB-eGFP fluorescence in chromatin versus cytoplasmic regions served to automatically determine nuclear envelope breakdown (orange bar) and reformation after anaphase (nuclear import of IBB, blue bar). Anaphase onset was defined by the classification of chromatin morphology (violet bar, see c). a.u., arbitrary units. Scale bars, 10 μm.
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To validate the hits, we tested an extended set of six siRNAs per gene, which all significantly prolonged mitotic exit (P < 0.001; Supplementary Information, Fig. S2a-c) . The mRNA depletion levels correlated with phenotypic penetrance, indicating specificity of the phenotype (Supplementary Figure 2 RNAi screen for mitotic exit regulators. (a) RNAi screen of a genome-wide library of annotated protein phosphatases using the mitotic exit assay shown in Figure 1 . Individual data points correspond to the z-score based on the mean mitotic exit timing in individual movies, determined in two experimental replicates. Negative controls are black. siRNA oligos that resulted in phenotypes reproducibly scoring a z-score threshold of > 3 (dashed lines) were considered as hits (highlighted by colours as indicated in legend; siRNAs targeting the same genes as the hits but with z-scores below threshold are also highlighted). (b) RNAi depletion of B55α in a HeLa cell line stably expressing LAP-tagged mouse-B55α from a bacterial artificial chromosome (BAC; for localization see Supplementary Information, Fig. S6b ). Cells were transfected with siRNA targeting either human B55α alone (B55α h), or both mouse-and human-B55α (B55α m/h). A quantitative western blot is shown, probed with an anti-B55α antibody that recognizes both mouse-and human-B55α. (c) Rescue of mitotic exit delay phenotype by exogenous B55α. HeLa cells expressing mouse-B55α-LAP were RNAi-depleted for human (h) or mouse/human (m/h) B55α (as validated in b), or for the scaffolding subunit of PP2A (R1A), and the timing of mitotic exit was then assessed. (d) Cumulative histograms for early mitotic progression. Nuclear envelope breakdown until anaphase onset was timed in control and RNAi-depleted HeLa cells stably expressing H2B-mCherry and IBB-eGFP (as in Figure 1 ; n ≥ 64, under all conditions). (e) Cumulative histograms of mitotic exit. Anaphase onset until nuclear import of IBB-eGFP was measured for the same cells shown in d. (f) Synthetic depletion RNAi screen for mitotic exit phosphatases. Assay, sample preparation and siRNA library was identical to the screen shown in a, except that siRNA targeting B55α was co-transfected in each experimental condition. Negative controls (black) were transfected by only non-targeting siRNA. The plot shows the ranked z-scores of a single replicate, calculated as in a. Dashed line indicates z-score threshold. (g) Time-lapse microscopy images of a cell depleted of all three PP2A-B55α subunits progressing from anaphase through mitotic exit (as indicated by red and green bars above the images). Full movie shown in Supplementary Information, Movie S4. For negative control, see Supplementary Information, Movie S3. Scale bar, 10 μm. Uncropped image of blot is shown in Supplementary Information, Fig. S9a .
Information, Fig. S2a-f ). RNAi depletion was also efficient at the protein level ( Supplementary Information, Fig. S2g ). Next, we depleted endogenous B55α in a HeLa cell line stably expressing eGFP-tagged mouse B55α. Transfection of siRNA targeting a non-conserved sequence on the human B55α mRNA efficiently depleted endogenous B55α, but not the exogenous mouse B55α (Fig. 2b) , and these cells showed normal mitotic exit timing (Fig. 2c) . In contrast, transfection of siRNA targeting both human and mouse B55α mRNA, or R1A, efficiently delayed mitotic exit (Fig. 2c) . This provides validation that on-target depletion of B55α mRNA causes the observed mitotic exit phenotype.
The PP2A protein phosphatase family is involved in many cellular processes, including earlier mitotic stages 3 . It is generally accepted that the regulatory B-type subunit confers substrate specificity and thereby regulates diverse functions of PP2A 3, 17 . Depletion of CA or R1A significantly prolonged mitotic progression from nuclear envelope breakdown until anaphase (P < 0.001; Fig. 2d ; same cells shown in Fig. 2e ), as expected from the known functions of PP2A complexes in spindle assembly and chromosome cohesion (which involve other B-type subunits 3 ). In contrast, early mitotic progression was unaffected in B55α-depleted cells. These data indicate that PP2A function is required at all stages of mitosis, whereas the B55α subunit is rate-limiting only for post-anaphase progression.
Depletion of PP2A-B55α subunits delayed, but did not arrest, mitotic exit (Fig. 2e ). This may be explained by incomplete RNAi depletion or the involvement of other unknown factors with redundant function. To investigate if additional phosphatases become limiting in the absence of B55α, we screened the phosphatase-targeting siRNA library in a background of synthetic B55α RNAi depletion. Increased mitotic exit delay occurred upon co-depletion of R1A or CA subunits with B55α (2-3 oligos scoring above a z-score threshold of 3; Fig. 2f ). However, none of the other 222 phosphatases showed a consistent additive increase in mitotic exit delay (five other siRNA oligos delayed slightly above the z-score threshold, but could not be confirmed by different siRNAs targeting the same genes). Co-transfection of siRNAs targeting all three PP2A-B55α subunits (labelled as PP2A-B55α siRNA throughout the manuscript) caused the most pronounced prolongation of mitotic exit (14.76 ± 6.50 min, n = 205 versus 4.86 ± 1.07 min in the control, n = 251; mean ± s.d.; Fig. 2g and Supplementary Information, Fig. S2g ). The additive effect of combinatorial PP2A-B55α subunit depletions suggests that residual levels of this phosphatase may account for a slow and gradual mitotic exit. The fact that no other RNAi conditions further delayed mitotic exit in combination with B55α depletion underlines the particular importance of PP2A-B55α for mitotic exit.
To address if PP2A-B55α controls postmitotic reassembly of cellular structures other than the nucleus, we generated a HeLa cell line stably expressing a fluorescent Golgi marker (galactosyl transferase, GalTeGFP 22 ) and H2B-mCherry (Fig. 3a) . Time-lapse confocal microscopy showed that depletion of the PP2A-B55α complex significantly delayed postmitotic clustering of Golgi fragments (P < 0.001; 25.5 ± 5.86 min, n = 31 versus 11.17 ± 2.73 min in the control, n = 30; mean ± s.d.; Fig. 3a , b, e and see Supplementary Information, Fig. S3b , c for single depletion of B55α). In another mitotic exit assay, we imaged a HeLa cell line stably expressing H2B-mCherry and eGFP-α-tubulin 19 ( Fig. 3c ). PP2A-B55α-depleted cells showed significantly delayed disassembly of spindle-poleassociated microtubules (P < 0.001; Fig. 3c, d, f) . Postmitotic chromosome decondensation was also significantly delayed in PP2A-B55α-depleted cells (P < 0.001; 18.29 ± 2.29 min, n = 98 versus 8.94 ± 5.89 min in the control, n = 158; mean ± s.d.; see also Supplementary Information Fig. S3d ). These data show that PP2A-B55α contributes to postmitotic reassembly of various interphase cell structures.
We next investigated how depletion of PP2A-B55α affects progression through interphase, using a monoclonal cell line expressing H2B-mCherry and a DNA replication marker (proliferating cell nuclear antigen) tagged with enhanced GFP (eGFP-PCNA 23 ; Supplementary  Information, Fig. S4a-d) . PP2A-B55α-depleted cells had a prolonged G1 phase (10.49 ± 2.70 h, n = 31 versus 5.77 ± 1.11 h in the control, n = 39; mean ± s.d.; Supplementary Information, Fig. S4b ), as expected after perturbation of mitotic exit. Conversely, PP2A-B55α-depleted cells had a significantly shorter G2 phase (P < 0.001; 2.91 ± 0.39 h, n = 42 versus 3.95 ± 0.78 h in the control, n = 37; mean ± s.d.; Supplementary  Information, Fig. S4d ). This is consistent with previous observations in Xenopus embryonic extracts 6, 24 . The mitotic exit phenotypes observed after PP2A-B55α depletion could be caused by a failure in Cdk1 inactivation, misregulated Cdk1 substrate dephosphorylation or both. To discriminate between these possibilities, we established a mitotic exit assay using chemical inactivation of Cdk1. Cells were first arrested in metaphase by the proteasome inhibitor MG132 and then forced to exit from mitosis by adding the Cdk inhibitor flavopiridol (still in the presence of MG132) to a final concentration of 20 μM (ref. 25 ; Fig. 4a ). This treatment promoted changes that are indicative of mitotic exit, including nuclear reassembly (> 95% of all metaphase cells, n = 99), Golgi clustering (> 90%, n = 103), chromosome decondensation and re-attachment to the substratum (Fig. 4b, d ). Only chromosome segregation did not occur, probably owing to the suppression of securin degradation by MG132. Higher concentrations of flavopiridol did not further accelerate nuclear reassembly (9.4 ± 1.1 min at 160 μM, n = 30 compared with 9.3 ± 1.3 min at 20 μM, n = 30; mean ± s.d.), indicating that Cdk1 inhibition was complete. PP2A-B55α depletion significantly delayed nuclear reassembly in this assay (P < 0.001; 20.67 ± 3.30 min, n = 41 versus 9.86 ± 0.95 min in the control, n = 29; mean ± s.d.; Fig. 4b , c, f and see Supplementary Information, Fig. S5a -c for single depletion of B55α). Golgi reformation was also delayed (36.01 ± 9.38 min, n = 35 versus 16.91 ± 2.27 min in the control, n = 42; mean ± s.d.; Fig. 4d, e, g ). We conclude that a main function of PP2A-B55α in promoting mitotic exit must be downstream of Cdk1 inactivation.
To test if PP2A-B55α depletion affected dephosphorylation of Cdk1 substrates, extracts were prepared from HeLa cells synchronized to different times after chemical induction of mitotic exit. Cdk1 substrate phosphorylation, detected on quantitative western blots by an antiphosphorylated-Ser antibody that specifically recognizes the Cdk target sequence K/R-pS-P-X-K/R (where X is any residue and pS is phosphorylated Ser), dropped to approximately 23% within 18 min of flavopiridol addition in control cells, whereas it remained at approximately 66% in PP2A-B55α-depleted cells (Fig. 4h and Substr.
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Substr. on the 3D structure of PP2A-B55α 34 and in the associated primary sequences. The abundance of phosphorylated peptide in the mitotic sample was estimated by peak area quantification of the elution profiles and is indicated as percentage of total peptide based on elution profile peak area normalization. Mitotic phosphorylation increase (indicated in brackets) was estimated by comparing the normalized peak area quantifications of phosphorylated peptides in interphase with mitotic samples. (g) Phosphorylation of B55α Ser 167 affects PP2A complex assembly. GST-tagged wild-type-B55α or GSTtagged substitution mutants of B55α (a non-phosphorylatable S167A mutant or a phospho-mimicking S167E mutant) were isolated from unsynchronized (I) or mitotic (M) cells by GST-pulldown. PP2A subunits were detected on western blots by anti-GST, anti-R1A and anti-CA antibodies. Fig. S5e for single depletion of B55α). This supports the conclusion that PP2A-B55α functions downstream of Cdk inactivation during mitotic exit and shows that PP2A-B55α is required for timely Cdk1 substrate dephosphorylation. Previous studies in Xenopus embryonic extracts 5, 13 and HeLa cells 26 have indicated that there is reduced phosphatase activity towards Cdk1 targets during early mitosis. Human PP2A-B55α isolated from mitotic cells had significantly reduced activity towards Cdk1-phosphorylated histone H1 (P < 0.001; 71 ± 15% versus 100 ± 11% in interphase; mean ± s.d., n = 15; Fig. 5a ). However, we did not detect any cell cycle-dependent differences in the phosphatase activity towards another well-characterized model substrate, phosphorylase a (Fig. 5b ). This suggests cell cycle-regulated changes of PP2A-B55α substrate specificity.
All three PP2A-B55α subunits were expressed at similar levels in interphase and mitosis ( Supplementary Information, Fig. S6a ), indicating that mitotic PP2A-B55α is unlikely to be regulated at the protein level. We addressed potential changes in PP2A complex composition at different cell cycle stages by purification of LAP (localization and affinity purification)-tagged R1A or B55α, stably expressed from endogenous promoters 27 . R1A co-purified with several mitosisspecific binding partners ( Fig. 5c ), two of which were identified by mass spectrometry as the nuclear transport factors, importin-α1 and importin-β1. In addition to a function in nuclear transport during interphase, importin-β1 is part of a mitotic regulatory system involving the small GTPase Ran, which is known to control mitotic spindle and nuclear envelope assembly 28 . After validation of the mitosis-specific interaction between importin-β1 and R1A by western blotting (Fig. 5d) , we investigated if importin-β1 contributes to mitotic exit progression. Because the specificity of the nuclear reassembly assay may be compromised after depletion of a nuclear import factor, we assayed mitotic exit by monitoring Golgi reformation. Importin-β1 depletion ( Supplementary Information, Fig. S2h , i) significantly delayed postmitotic Golgi reassembly (P ≤ 0.001; 14.7 ± 5.0 min, n = 30 versus 10.1 ± 1.4 min in the control, n = 30; mean ± s.d.; Fig. 5e ), which was further increased after co-transfection of siRNAs targeting R1A or B55α (25.9 ± 6.3 min, n = 30 and 22.5 ± 8.1 min, n = 25, respectively). Importin-β1 depletion also prolonged earlier mitotic stages ( Supplementary Information, Fig. S7 ), as expected from its known function in spindle assembly. These data demonstrate that PP2A-B55α and importin-β1 jointly promote mitotic exit.
By mass spectrometry, we detected five phosphorylation sites on the PP2A complex purified from mitotic cells (Fig. 5f ). The relative quantities of phosphorylated peptides were estimated by a semi-quantitative approach, using the extracted ion chromatogram for peak area quantification of the peptide elution profiles ( Supplementary Information,  Fig. S8 ). Phosphorylation of B55α at Ser 167 was estimated to be highly abundant at 55% (mean; n = 2 independent experiments), whereas the other sites were phosphorylated on < 1% of the eluted peptides (quantifications provided in Fig. 5f ; the phosphorylation levels of S8 on R1A could not be determined because no unmodified peptides containing this site were detected). PP2A is known to auto-dephosphorylate 29 , therefore the absolute phosphorylation levels in cells may be higher. All four of the quantified phosphorylations were enriched more than fivefold on PP2A purified from mitotic cells ( Fig. 5f; Supplementary Information, Fig. S8 ). To test if PP2A complex assembly is regulated by the phosphorylation of B55α at Ser 167, we isolated PP2A complexes from interphase and mitotic HeLa cells by expression of a GST (glutathione S-transferase)-tagged B55α phospho-mimicking S167E mutant. Indeed, the S167E mutant bound less efficiently to the CA and R1A subunits, compared with wild-type B55α or a non-phosphorylatable S167A mutant ( Fig. 5g and Supplementary  Information, Fig. S9h) .
This study provides a comprehensive screen for mitotic exit phosphatases in human cells. B55α has been previously shown to increase PP2A activity towards Cdk1 phosphorylation sites 30 , consistent with the possibility that PP2A-B55α promotes mitotic exit by direct dephosphorylation of Cdk1 substrates. The in vitro phosphatase activity of mitotic PP2A-B55α towards Cdk1-phyosphorylated H1 was downregulated. However, it is not known which of the many putative PP2A substrates may be affected by this regulation, and therefore we cannot precisely estimate the extent to which PP2A regulation shapes the kinetics of Cdk1 substrate dephosphorylation.
Our data raise interesting possibilities for PP2A regulatory mechanisms (Fig. 5h) . A B55α phospho-mimicking S167E mutation impaired the binding of R1A and CA subunits, consistent with the possibility that phosphorylation contributes to a cell cycle-dependent regulation of PP2A-B55α complex assembly. This may also involve mitotic hyperphosphorylation of the CA subunit at Thr 304, as a previous study showed that a phospho-mimicking T304D mutation also suppresses assembly of B55α into PP2A complexes 31 . Importin-β1 may regulate PP2A by direct binding, by a nuclear-cytoplasmic targeting mechanism or as a molecular chaperone 28 . In this context, it is interesting to note that importin-β1 is structurally related to the R1A subunit and members of the Bʹ family of regulatory PP2A subunits 32 . Even though it is possible that importin-β1 functions in a mitotic exit pathway independently of PP2A, the physical and functional interaction observed here suggests a link between the importin-/Ran and Cdk1-phosphorylation regulatory systems.
In contrast to the Xenopus embryonic extract system 6 , depletion of B55δ in HeLa cells (down to 20% mRNA level; Supplementary  Information, Fig. S2j ) did not delay mitotic exit. This may reflect different relative expression levels of the B55-subfamily isoforms in the two systems or technical limitations of the depletion methods. A previous study proposed that PP1 dominates as a Cdk1-counteracting phosphatase in cycling Xenopus embryonic extracts 5 . The fact that we did not detect mitotic exit delays after RNAi depletion of any of the PP1 catalytic or regulatory subunits may be related to the cellular context of our phenotypic assays instead of homogenized extracts or to differences between embryonic and somatic mitosis. However, potential functional redundancy between different PP1 catalytic isoforms that were targeted only individually in our screen may have masked phenotypes; therefore we cannot rule out the possibility that PP1 also contributes to mitotic exit in human somatic cells.
In conclusion, our study reveals PP2A-B55α and importin-β1 as key regulators of cellular reassembly mechanisms during mitotic exit. Mitotic exit has been recently recognized as a target for improved, nextgeneration cancer therapeutics 33 . B55α and importin-β1 are therefore good targets for the development of mitotic exit-specific inhibitors.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/ DOI: 10.1038/ncb2092 METHODS Cell lines and plasmids. The HeLa Kyoto cell line was obtained from S. Narumiya (Kyoto University, Japan) and cultured in Dulbecco's modified eagle medium (DMEM; GIBCO) supplemented with 10% (v/v) foetal bovine serum (PAA Laboratories) and 1% (v/v) penicillin-streptomycin (Invitrogen). All live-cell imaging experiments were performed using monoclonal reporter cell lines that were generated as previously described 35 . For a complete list of plasmids and cell lines see Supplementary Information, Tables S3 and S4 . Cells were grown either in 96-well microtitre plates (Greiner) or on LabTek chambered coverslips (Nunc) for live-cell microscopy. Live-cell imaging was performed in DMEM containing 10% (v/v) foetal calf serum and 1% (v/v) penicillin-streptomycin, but without phenol red and riboflavin to reduce autofluorescence of the medium 35 . The bacterial artificial chromosomes (BACs), RP24-103C16, harbouring mouse PP2A-B55α (PPP2R2A), and RP24-255O20, harbouring mouse PPP2CA, were obtained from the BACPAC Resources Center (http://bacpac.chori.org). The LAP (eGFP-IRES (internal ribosome entry site)-neomycin) cassette was PCR amplified using primers that contain 50 nucleotides homologous to the carboxy terminus of each of the target genes. Recombineering and stable transfection of the modified BAC was performed as previously described 27 .
Live-cell imaging. Automated microscopy with reflection-based laser autofocus was performed on a Molecular Devices ImageXpress Micro screening microscope equipped with a ×10, 0.5 N.A. S Fluor dry objective (Nikon), controlled by Metamorph macros developed in-house 21 . Cells were maintained in a microscope stage incubator at 37 °C in a humidified atmosphere of 5% CO 2 throughout the experiment. Illumination was adjusted so that the cell death rate was below 5% in untreated control cells. Confocal microscopy was performed on a customized Zeiss LSM 510 Axiovert microscope using a ×20, 0.8 N.A. Plan-Apochromat dry objective, a ×40, 1.3 N.A. oil DIC EC Plan-Neofluar objective, or a ×63, 1.4 N.A. oil Plan-Apochromat objective (Zeiss). The microscope was equipped with piezo focus drives (piezosystem jena), custom-designed filters (Chroma) and an EMBL incubation chamber (European Molecular Biology Laboratory), which provided a humidified atmosphere at 37 °C with 5% CO 2 .
For imaging chemically induced mitotic exit, cells were seeded in chambered LabTek coverslips overnight and then transfected with the indicated siRNAs. After transfection (52 h), the medium was replaced with imaging medium containing 30 μM MG132 (proteasome inhibitor; Sigma). The chambered coverslips were placed into the microscope stage incubator, which was maintained at 37 °C in a humidified atmosphere of 5% CO 2 , for 45 min, when imaging locations with metaphase-arrested cells were selected. These cells were imaged for 10-15 min, before mitotic exit was induced with 20 μM flavopiridol (Cdk inhibitor) 25 .
Image analysis and statistical analysis. Automated image analysis was performed by CellCognition software, which was developed in-house 21 (http://www. cellcognition.org). Cell nuclei and mitotic chromosome masses were detected by local adaptive thresholding. Cytoplasmic regions were derived by regiongrowing the chromatin segmentation to a fixed size. Next, texture and shape features were calculated for each object and samples for mitotic classes were manually annotated for supervised classification. Support vector machine classification was performed by radial-based kernel and probability estimates. Cells were tracked over time using a constrained nearest-neighbour approach, with an algorithm that supported trajectory splitting and merging. Mitotic events were detected in the graph structure on the basis of the transition from prophase to prometaphase. Nuclear envelope reassembly was defined as an increase in the ratio of the mean nuclear versus cytoplasmic IBB-eGFP fluorescence > 1.5-fold above the ratio at the time of chromosome segregation. In the RNAi screen, mean mitotic exit timing was normalized per 96-well plate to compensate for slight differences in the temporal sampling rate. z-scores were calculated based on the mean and standard deviation of all data points. All statistical testing was by a two-tailed Student's t-test. Quantitative real-time PCR. mRNA was extracted from cells 40 h after transfection of siRNAs using the TurboCapture 8 mRNA Kit (Qiagen) and cDNA was prepared using random hexamer primers (Microsynth) and Ready-To-Go You-Prime First-Strand beads (GE Healthcare). Real-time PCR was performed using the LightCycler 480 SYBR Green I Master system (Roche Diagnostics). Primers were designed using AutoPrime software (www.autoprime.de) or Clone Manager. Primer pairs for the indicated genes were: CA (5ʹ-GGAGCTGGTTACACCTTTG-3ʹ and 5ʹ-CCAGTTA-TATCCCTCCATCAC-3ʹ), R1A (5ʹ-CTTCAATGTGGCCAAGTCTC-3ʹ and 5ʹ-TCTAGGATGGGCTTGACTTC-3ʹ) B55α (5ʹ-ATTCGGCTA TGTG-ACATGAG-3ʹ and 5ʹ-GACCTGTTACT GGGATCTTC-3ʹ), B55δ (5ʹ-CTG AAAGACGAAGATG GAAG-3ʹ and 5ʹ-AATATTGGG ACCCGTAGC-3ʹ), importin-β1 (5ʹ-CAGATACG AGGGTACGAGTG-3ʹ and 5ʹ-TTTCAT TGCTTC-GATTGTG-3ʹ) and GAPDH (5ʹ-CGTGTCAG TGGTGGACCTGACC-3ʹ and 5ʹ-CTGCTTCACCACCT TCTTGATGTCA-3ʹ).
Protein blotting. Pelleted cells were washed with PBS and total protein lysates prepared in lysis buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 1% (v/v) Nonidet P-40, 10% (v/v) glycerol and 2 mM EDTA), supplemented with Mini-Complete protease inhibitor tablet (Roche), and 20 mM β-glycerophosphate. Protein concentrations were determined using a BCA kit (Pierce). The following primary antibodies were used: polyclonal rabbit-anti-PPP2CA (1:2,000, Cell Signaling), polyclonal rabbit-anti-PPP2R1A (1:2,000, Cell Signaling), monoclonal mouseanti-PP2A-B55α (1:500, Santa Cruz), polyclonal rabbit-anti-phosphorylatedSer Cdks substrate (1:1,000, Cell Signaling), monoclonal mouse-anti-cyclin B1 (1:5,000, Santa Cruz) and monoclonal mouse-anti-actin (1:50,000, Millipore).
For the chemically induced mitotic exit assay, nocodazole-arrested cells (100 ng ml -1 for 17 h; Sigma) were incubated for 30 min in 30 μM MG132 (Sigma), collected by shake-off, washed in PBS containing MG132 and resuspended in 800 μl of PBS (containing MG132). This suspension was divided into 100 μl aliquots in 1.5 ml centrifugation tubes at 37 °C. Mitotic exit was induced by adding flavopiridol to a final concentration of 20 μM (provided by the National Cancer Institute with permission by Sanofi-aventis). Cell aliquots were lysed at 3 min intervals over 18 min by adding 5× concentrated SDS (sodium dodecyl sulphate) cracking buffer to the respective aliquot, and boiling it for 5 min at 95 °C. Quantitative western blotting was performed using the Odyssey system (LICOR) or the FluorChem system (Alpha Innotec).
Immunoprecipitation and GST pulldowns. Subconfluent HeLa Kyoto cells expressing GST-B55α were untreated or arrested in mitosis with nocodazole (100 ng ml -1 for 16 h; M). Following collection by scraping (untreated cells) or shake off (cells arrested in mitosis), cells were washed in PBS, pooled and lysed in 1 ml NET buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 1% (w/v) Nonidet P-40 and 15 mM EDTA), supplemented with Mini-Complete protease inhibitors (Roche) and, when appropriate, with phosphatase-inhibitor tablet (Roche). Equal amounts of the cleared lysates (as measured using the BCA kit; Pierce) were added to 25 μl of glutathione-Sepharose (GE Healthcare) and allowed to bind for 1 h at 4 °C. As previously shown 31 , this method allows isolation of catalytically competent PP2A-B55α trimers. After four washes in NENT-100 (ref. 31 ) and one wash in PP2A assay buffer (20 mM Tris at pH 7.4 and 5 mM DTT; dithiothreitol), PP2A assay buffer was added to the beads for phosphatase assays on two different substrates (histone H1 and phosphorylase a) for at least two times and with three replicates for each measurement (final volume 100-120 μl). A small aliquot was used for western blotting with anti-C and anti-A (monoclonals, 1:2,000 dilution, S. Dilworth) and anti-GST antibodies (1:10,000 dilution, Sigma) to check for equal input.
Phosphatase assays. Histone H1 (6 μg; Roche) was phosphorylated by Cdk1-cyclin B1 (Biaffin) or Cdk2-cyclin A 36 in the presence of 32 P-labelled ATP (GE Healthcare) to a level of 5-7 moles per mole of histone. 
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extraction of a phosphate-molybdate complex and scintillation counting 37 . Under these conditions, phosphate release was < 10% of the phosphorylated substrate and thus remained in the linear range. Phosphorylase a phosphatase assays were performed as previously described 38 , by measuring the liberated TCA-soluble 32 P-labelled phosphate following a 10-or 20-min incubation with PP2A-B55α. Each measurement of phosphatase activity was performed in triplicate. PP2A-B55α activities from mitotic cells were normalized to PP2A-B55α activities from interphase cells.
Affinity purification of protein complexes. HeLa cell pools expressing LAPtagged mouse PP2A subunits from bacterial artificial chromosomes (BACs) were cultured in ten 25-cm square tissue culture trays. Cells were harvested from two culture conditions: prometaphase arrest induced by incubation in 0.1 μg ml -1 nocodazole for 18 h and during exponential growth, yielding cells typically > 90% in interphase. PP2A complexes were isolated from concentrated extracts of these cells using the two-step purification procedure previously described 27 , except that okadaic acid was included in the extract buffer and all subsequent solutions to inhibit auto-dephosphorylation. Purified protein complex (20%) was analysed by SDS-PAGE and silver staining. The remaining sample was processed as previously described 39 , then divided into two aliquots for parallel in-solution digestion by trypsin and subtilisin and analysis by liquid chromatography-mass spectrometry for protein identification and phosphorylation site mapping.
Trypsin digestion of SDS-PAGE gel slices. Selected silver-stained protein bands were excised from an SDS-PAGE gel, cut into smaller pieces and washed by incubating in a shaking incubator once with 200 μl of 50 mM triethyl ammonium bicarbonate (TEAB), then once with 100 μl acetonitrile (ACN) plus 100 μl of 50 mM TEAB. Each wash step was performed in a shaking incubator at room temperature. This two-step wash procedure was repeated, and then excess liquid removed. To shrink the gel pieces, 100 μl of ACN was added.
Proteins were reduced by incubating the gel pieces in 100 μl of 1 mg ml -1 DTT in 50 mM TEAB at 57 °C for 30 min, and removing the excess liquid. Proteins were alkylated by incubating the gel pieces with 100 μl of 5 mg ml -1 iodoacetamide in 50 mM TEAB at room temperature, in the dark, for 35 min. Gel pieces were subjected to the two-step wash and shrinking procedures, as previously described, and were then centrifuged in a vacuum concentrator (SpeedVac, Thermo Scientific) until dry (5-7 min).
Trypsin Gold (Promega) was first dissolved to a concentration of 100 ng μl -1 in 50 mM acetic acid, then diluted in 50 mM TEAB to a concentration of 12 ng μl -1 . Gel pieces were incubated with 20 μl trypsin-TEAB solution at 4 °C for 5 min. Excess liquid was removed, and 20 μl of 50 mM TEAB was added, followed by incubation at 37 °C overnight. After centrifugation, the supernatant was transferred into a fresh tube and stored at 5 °C. Formic acid (20 μl of a 5% (v/v) solution) was added to the gel pieces, followed by sonication for 10 min in a cooled ultrasonic waterbath. The sample was spun and the supernatant transferred to the tube. This formic acid/sonication step was repeated once, and the supernatant pooled with the first, generating a sample of volume 60 μl, ready for analysis by mass spectrometry. Nano-liquid chromatography-mass spectrometry. The nano-HPLC (high-performance liquid chromatography) system used in all experiments was an UltiMate 3000 Dual Gradient HPLC system (Dionex), equipped with a nanospray source (Proxeon), coupled to an LTQ FT mass spectrometer (Thermo Fisher Scientific) in the first analysis and coupled to an LTQ Velos Orbitrap mass spectrometer (Thermo Fisher Scientific) in the second analysis. The LTQ FT was operated in data-dependent mode using a full scan in the ICR (ion cyclotron resonance) cell followed by tandem mass spectrometry scans of the five most abundant ions in the linear ion trap. Tandem mass spectrometry spectra were acquired in the multistage activation mode, where subsequent activation was performed on fragment ions resulting from the neutral loss of -98, -49 or -32.6 m/z. Precursor ions selected for fragmentation were put on a dynamic exclusion list for 180 s and monoisotopic precursor selection was enabled. Phosphorylated peptides identified by database search and validated by manual inspection were put onto an inclusion list and replicate analyses were carried out on an LTQ Velos Orbitrap mass spectrometer.
Analysis of mass spectrometry data. For peptide identification, all tandem mass spectrometry spectra were analysed using Mascot 2.2.0 (Matrix Science) against a customized protein sequence database comprising the complete human sequences from Swiss-Prot, TrEMBL, PIR, GenBank, EMBL, DDBJ, RefSeq and Celera (hKBMS), plus the Swiss-Prot database entries corresponding to the mouse 'bait' proteins. The following search parameters were used: carbamidomethylation on cysteine was set as a fixed modification, and oxidation on methionine, and phosphorylation on serine, threonine and tyrosine were set as variable modifications. Monoisotopic masses were analysed using an unrestricted range of protein masses for tryptic peptides. The peptide mass tolerance was set to ± 5 p.p.m. and the fragment mass tolerance to ± 0.5. The maximal number of missed cleavages was set to two. Each tandem mass spectrometry spectrum corresponding to a predicted phosphorylated peptide was validated by visual inspection. A labelfree quantification approach was used to determine abundance change from interphase to mitosis of the different peptides by peak area integration. For peak area quantification, we extracted the ion chromatograms of the peptides with a mass tolerance of 3 p.p.m. using the Qual Browser application from the Xcalibur software package. The mass traces of peak area integration for the phosphorylated peptides shown in Fig. 5f were extracted from the base peak chromatogram with ± 3p.p.m. mass tolerance, manually reviewed and are shown in Supplementary Information, Fig. S8 . Flavo. Figure S8 Quantification of phosphorylation levels by extracted ion chromatograms. Extracted ion chromatograms (XICs) of phosphopeptides identified (hash indicates the phosphorylated amino acid), and their unmodified counterparts, from purified PP2A complexes. Peak-area values for the phosphopeptides were used for quantification of the mitotic increase in phosphorylation abundance, whereas those of the unmodified peptides were used for normalization, as described in the legend for Fig. 5f . The panels show: 1. XIC featuring the phosphorylated peptide identified from the PP2A complex purified from interphase (log) cells. 
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Supplementary Movie Legends
Movie S1 Monoclonal fluorescent HeLa cell line expressing chromatin marker H2B-mCherry and the nuclear import substrate IBB-EGFP. The movie shows 13% of the total image size and represent a typical overnight screening movie. Time-lapse covers a period of ~21 hours.
Movie S2 H2B-mCherry / IBB-EGFP reporter cell that has been automatically detected, tracked, and segmented over time. Movie shows original images (left); mitotic stage classification with color label as in Fig. 1c (middle) , and regions of IBB measurements (right). Time-lapse covers a period of 216 minutes.
Movie S3 H2B-mCherry / IBB-EGFP cell treated with siControl. This movie shows mitotic progression and nuclear envelope reassembly in a control cell. Timelapse covers a period of 192 minutes.
Movie S4 H2B-mCherry / IBB-EGFP cell treated with siPP2A-B55α. This movie shows mitotic progression and delayed nuclear envelope reassembly in a cell depleted for PP2A-B55α. Time-lapse covers a period of 192 minutes.
Movie S5 H2B-mCherry / GalT-EGFP cell treated with siControl. This movie shows mitotic progression and Golgi reassembly in a control cell. Time-lapse covers a period of 132 minutes.
Movie S6 H2B-mCherry / GalT-EGFP cell treated with siPP2A-B55α. This movie shows mitotic progression and delayed Golgi reassembly in a cell depleted for PP2A-B55α. Time-lapse covers a period of 161 minutes.
Movie S7 H2B-mCherry / mEGFP-α-tubulin cell treated with siControl. This movie shows mitotic progression and mitotic spindle dynamics in a control cell. Time-lapse covers a period of 108 minutes.
Movie S8 H2B-mCherry / mEGFP-α-tubulin cell treated with siPP2A-B55α. This movie shows mitotic progression and delayed mitotic spindle disassembly in a cell depleted for PP2A-B55α. Time-lapse covers a period of 108 minutes.
Movie S9 H2B-mCherry / IBB-EGFP cell treated with siControl. This movie shows forced mitotic exit in presence of MG132 by addition of the Cdk inhibitor flavopiridol in a control cell. Time-lapse covers a period of 47 minutes.
Movie S10 H2B-mCherry / IBB-EGFP cell treated with siPP2A-B55α. This movie shows delayed mitotic exit in presence of MG132 by addition of the Cdk inhibitor flavopiridol in a cell depleted for PP2A-B55α. Time-lapse covers a period of 47 minutes. 
